Current techniques for intracellular electrical interrogation are substrate bound and are technically demanding, or lack high spatial resolution. In this work, we use silicon nanowires, which are spontaneously internalized by many cell types, to achieve photo-stimulation with subcellular resolution. Myofibroblasts loaded with silicon nanowires remain viable and can undergo cell division. Stimulation of silicon nanowires at separate intracellular locations results in local calcium fluxes. We also show that nanowire-containing myofibroblasts can electrically couple to cardiomyocytes in co-culture and that photo-stimulation of the nanowires increases the spontaneous activation rate in neighboring cardiomyocytes. Finally, we demonstrate that this methodology can be extended to the interrogation of signaling in neuron-glia interactions using nanowire-containing oligodendrocytes.
demonstrate the ability of the hybridized MFs to electrically couple with co-cultured CMs and report that photo-stimulation of SiNWs within an MF alters the electrical activity of co-cultured CMs. We also establish that this cell-SiNW hybrid system can be extended to the investigation of electrical communication in neuronal systems by demonstrating that photo-stimulation of SiNW- hybridized oligodendrocytes results in calcium flux propagation from the stimulated oligodendrocyte to co-cultured dorsal root ganglion (DRG) neurons.
Coaxial SiNWs were synthesized as previously reported 12, 16 . Scanning electron microscope (SEM) images show one-dimensional SiNWs with a diameter of ~300 nm and a core-shell semiconducting p-i-n morphology (Fig. 1b) . The hybridization process of SiNWs into MFs (Supplementary Video 1) appears to occur in three distinct phases: free SiNWs, associated SiNWs, and internalized SiNWs (Fig. 1c) . The time profile of the hybridization process is also shown in Figure 1c . The first section of the plot represents the initial 20 minutes during which the SiNW (dashed line) moves freely in culture media. Upon interaction with the MF cell membrane (red line), free motion stops and the SiNW remains at the border of the cell (the associated phase) for ~50 minutes until the SiNW is internalized. The third section of the plot represents the internalized phase, when the SiNW is in the cytosol between the cell membrane and the nuclear envelope (blue line) (See Supplementary Fig. S1 for more examples). Notably, the SiNW-containing MFs are still capable of undergoing cell division ( Fig. 1d and Supplementary Video 1). SiNWs are visible in one of the two daughter cells, suggesting that our hybrid system will be biologically compatible with in vitro experimental models.
To confirm that the SiNWs were internalized by the MFs, both confocal and electron microscopy were performed. Following an ultrathin embedding procedure, SEM focused ion beam (SEM-FIB) sectioning of hybridized MF cells was performed. 17 ( Fig. 2b, and Supplementary Fig. S2 ). Cross-sectional z-stacks of the confocal images show that the SiNWs are contained within the cytosol of MFs.
Our SiNW-MF hybrids are unique tools for interrogating bioelectric dynamics from different sub-cellular regions within a single cell. To demonstrate this capability, we sequentially photostimulated different SiNWs in a single MF-SiNW hybrid cell with a single 4 mW, 1 ms laser pulse To utilize the SiNW-hybrid system for interrogation of intercellular electrical signal communication between MFs and CMs, the SiNWs must remain within the MFs during co-culture with CMs. To confirm this retention, we performed immunocytochemical imaging of CMs co- cultured with SiNW-containing MFs. As seen in Figure 4a , SiNWs are located almost exclusively in MFs (red), not in CMs (green) (see also Supplementary Fig. S3 ). In general, we found only two isolated cases in which a SiNW associated with a CM. In both cases, only a single SiNW was involved and its location (intra-or extra-cellular) was inconclusive. Statistical analysis of the number of SiNWs associated with MFs and CMs (Fig. 4b, top ) and the fraction of hybridized cells (those with at least one internalized SiNW; Fig 4b, bottom) further demonstrate that SiNWs remained inside the MFs. To verify that the hybrids are able to electrically couple to other cells, we optically stimulated MF-SiNW hybrids in co-culture with CMs and visualized the response in the CMs (Fig. 4c) .
Plotting the relative intensity profile versus time of the different cells prior to the optical stimulation, we identify the CMs in the co-culture as they were spontaneously beating and fully synchronized. The MFs in the co-culture are static with no apparent change in calcium levels (Fig.   4d ). Optical stimulation of an MF-SiNW hybrid (red arrow) results in an immediate calcium flux within the hybrid cell ( Fig. 4d ; green line in plot). We attribute this increase in calcium level to a combination of photo-thermal (i.e., producing transient membrane poration) and photoelectrochemical (i.e., producing ROS) processes. As a result of stimulation, the contraction rate of the associated CMs immediately increases from ~1.4 Hz to ~2.6 Hz (Fig. 4d) , indicating that stimulation of the MF-SiNW hybrid modifies the electrical activity of neighboring CMs. This frequency increase may be attributed to an increase in the CM resting membrane potential resulting from the intracellular calcium increase within the coupled MFs. Interestingly, the calcium flux in the stimulated MF (MF1 in Fig. 4d ) slowly propagated to the neighboring MFs (MF2 and MF3), as illustrated by their sequential florescence increase. These findings are supported by previous work which showed that MF propagation of electrical activity in vitro is characterized by local conduction delays. 18 To demonstrate the flexibility of our cell-SiNW system and its application to other cell types, we expanded our methodology to neuron-glia interactions. Calcium transients influence the myelination of neuronal axons by oligodendrocyte lineage cells, [19] [20] [21] [22] [23] [24] but the degree to which these transients are induced by neuronal activity [19] [20] [21] [22] or by oligodendrocytes themselves 23, 24 is unclear 25 .
As a proof-of-concept that our cell-SiNW hybrids may be used as a new tool in the investigation of calcium transients in neuron-glia interactions, we hybridized SiNWs with oligodendrocyte progenitor cells (OPCs). We co-cultured the SiNW-OPC hybrids with DRG neurons in differentiation medium, which induced the OPC cells to differentiate into oligodendrocytes.
Interactions between oligodendrocytes and DRG neurons are visible in Figure 5a . Co-localization of myelin basic protein (red) and neuronal marker NueN (green) represents sections of neuronal axons that have been myelinated by an associated oligodendrocyte. Upon optical stimulation of the SiNW within the oligodendrocyte (red arrowhead, Fig. 5b) , a calcium flux propagated from the SiNW in the cell soma to the associated neuron ( Fig. 5b, [bottom] and Supplementary Video 3). Although optical mapping appears to show a gap in the propagation through the oligodendrocyte soma, closer examination of that region by intensity profiles reveals that the calcium indeed propagates through the cell process. However, given that the size of the cell process is decreasing away from the soma, the fluorescent intensity in these regions is under the threshold of the optical mapping algorithm ( Supplementary Fig. S4 ).
In summary, we have characterized and demonstrated the utility of a new SiNW-based tool for intracellular electrical interrogation. The process of SiNW hybridization with different cells is elegant in its simplicity, relying on spontaneous hybridization rather than abrasive electroporation or sonication. Initiation of intracellular stimulation using the SiNW hybrids does not require physical access to the cytosol or genetic modifications. The SiNW hybrids also provide sub-micron resolution with standard microscopy techniques. Internalized SiNWs clearly distinguish the hybridized cells from other cells in co-culture, eliminating the need for genetic or fluorescent labeling to identify cell types. Because the hybridized cells retain their ability to proliferate and electrically couple with other cells, we anticipate that this approach will expand the available tool kit for bioelectronic studies. Our work has demonstrated the versatility of these hybrids in in vitro cardiac and neural settings, but later work may expand our understanding of complex, multicellular electrical cascades in in vivo studies.
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